Damper optimization is a new area which has been investigated in recent years. There are various methods employed in optimization, among which are highlighted the classic and the most recent that are functioning with reliability, efficiency and speed for optimum results. This paper proposes a method for simultaneous optimization of placement and forces of friction dampers using the Firefly Algorithm, which is a recent meta-heuristic algorithm inspired in the behavior of fireflies.
Introduction
The effect of vibrations in buildings caused by dynamic loads such as earthquakes have been the focus of study by several researches as well as the methods used for energy dissipation avoiding structural damage. Energy dissipation in structures is possible through damping device implementation. These devices can be active or passive and their application depends on the investment for the project. Because of their characteristics, passive devices stand out among energy dissipation systems, increasing the development of several of these devices, such as, viscoelastic dampers, metallic yield dampers and friction dampers (Soong and Dargush, 1997) .
Recently, several researchers have been working in the optimization of the location of the dampers in structures and their parameters. In this way, it is possible to find many papers about the optimization of passive dampers in literature (e.g., Fang et al. (2012) and Takewaki et al. (2012) ). With the aim to allow an economic use of friction dampers, several authors have developed methodologies for the optimization of friction dampers in civil structures and their research can be found in literature (e.g, Ontiveros-Pérez (2014); Miguel et al. (2015) ; Miguel et al. (2016a) Miguel et al. (2016b) ).
However few studies have been conducted on the simultaneous optimization of locations and friction forces of friction dampers. Metaheuristic algorithms are able to deal with this kind of optimization problem. Some of the salient characteristics of these kinds of algorithms are: (a) they do not require gradient information; (b) if the metaheuristic algorithm is correctly tuned, it does not become trapped in local minima; (c) it is possible to apply in problems with discontinuous functions; (d) they provide a set of optimal solutions rather than a single one, giving to the designer a range of options to choose from; (e) it is possible to use to solve mixed-variable optimization problems (Miguel et al., 2012 (Miguel et al., , 2013 . Thus, note that the optimization of friction dampers is a relatively unexplored subject in the world, and this paper proposes a method for optimization of this kind of passive energy dissipation device.
Problem formulation

Equation of motion
Mx +Cx +Kx = F ex -F fn
(1)
The dynamic behavior of a multidegree of freedom (MDOF) system with friction dampers and subjected to external force is represented in Equation 1, where M and K are the n×n size structural mass and stiffness matrices respectively and n is the degree of freedom number. The damping matrix C is proportional to the M and K matrices. The n -dimensional vector x represents the relative displacement with respect to the base, and the differentiation with respect to the time is represented with a dot over the displacement vector symbol. The external force and the Coulomb friction force are represented by the n -dimensional vector F ex and F fn respectively. F ex = -MBx g , where B is a n×d matrix that contains the cosine directors of the angles formed between the base motion and the direction of the displacement considered degree of freedom (DOF). d is the number of directions of the ground motion and x g is the d-dimensional ground acceleration vector of the seismic excitation. Coulomb friction force is represented by Equation (2) where μ is the friction coefficient (assumed as constant), N is the normal force vector, sgn() is the signal function and v(t) is the relative velocity vector between the ends of the damper.
It is important to note that the magnitude of the friction force is constant but its direction is always opposite to the sliding velocity. The changes in the direction of the velocity cause discontinuities in the friction force, leading to difficulties to evaluate the response of a system with friction dampers. For this reason, herein is implemented one of four continuous functions proposed by Mostaghel and Davis (1997) that represents the discontinuity of the Coulomb friction force. Each one of these functions uses a (α i ) parameter which controls the level of accuracy of the function representing the friction force. The continuous function used in this paper is the function f 2 (α 2 v)=tanh(α 2 v) with α 2 =1000, as already used in previous studies, as Miguel et al. (2008) , Miguel et al. (2014) , Ontiveros-Pérez (2014) ).
A computational routine based on the finite differences method was developed in MATLAB to solve the Equation 1, determining the dynamic response in terms of displacement of a system with friction dampers.
Friction damper operation
This device uses the solid friction mechanism to give the desired energy dissipation in order to reduce the amplitude of the vibration system. The friction developed between two solid bodies sliding in relation to one another inside the friction damper allows the energy dissipation in a civil structure subjected to an earthquake.
Herein, the numerical scheme of the friction damper Model A proposed by Miguel (2002) 
Analyzed structures
A nine-story building and a sixteen-story building, 3 m high on each floor and 4 m wide have been simulated. Figure 1 (a) shows the diagonal disposition of the friction dampers and the arrows represent the degrees of freedom of each story for both structures. The properties of each structure are presented in Table 1 .
Initially, the natural frequencies of the structures were determined, which are important parameters to determine the integration step ∆t=1×10 -4 )s that must be less than a critical time step to guarantee the convergence of the finite differences method. It is noteworthy that the damping ratio assumed for the first and second vibration mode is 0.5% (ζ=0.005). Table 2 presents the five first natural frequencies of the nine-story and sixteen-story structures. In order to illustrate the proposed optimization procedure, two real seismic records were chosen as excitation to the structures analyzed. The first seismic record is the earthquake that occurred in Caucete, province of San Juan, Argentina, in 1977 and the second is the El Centro earthquake, which occurred in the southeastern California on the boarder of the United States and Mexico in 1940. As known, earthquakes are stochastic in nature and because of that, researchers have been working on developing robust optimization methodologies that allow projections for friction dampers that are less sensitive to the uncertainties of these phenomena and it is possible to find some works in literature (e.g., Miguel et al. (2014) and Miguel et al. (2016b) ).
Dampers optimization
In this work, the simultaneous optimization of friction dampers is used with the aim of minimizing three different objective functions (see Table 3 ): (i) the maximum displacement at the top of the structure D max , (ii) the maximum inter-story drift d max and (iii) the maximum acceleration at the top of the structure A max . In order to find the best local minima, the authors developed a computational routine using MATLAB, linked with the Firefly Algorithm. The Firefly Algorithm is a metaheuristic algorithm developed by Xin-She Yang, in 2008 . If the reader requires more information about the Firefly Algorithm, the authors recommended reading the book Yang (2008) . Notably, the optimization problem considered in this paper is complex because there are discrete and continuous design variables at same time. The location of the friction dampers is a discrete design variable, whereas the friction force of each device is best represented by a continuous number; this is a continuous design variable. The constraints are the number of available positions for the friction dampers (n p ) and the maximum number of dampers to be installed in the structures (n d ). In the ninestory building, the maximum number of positions is n p =9 (one in each story) and the maximum number of friction dampers to be optimized is n d =3. Whereas, in the sixteen-story structure, the maximum number of positions is n p =16 and the maximum number of friction dampers is n d =4. For the discrete design variables (P positions), the lower and upper boundaries highlight stories of the structure. For the continuous design variables (friction forces), the limits adopted for both the nine-story structure and sixteen-story structure are 500kN≤ F fn ≤1500kN for Caucete earthquake and 1400kN≤ F fn ≤2400kN for El Centro earthquake. Due to convenience of notation, design variables are grouped into y = [ P F fn ].
For purposes of ensuring optimal response, preventing the Firefly Algorithm from converging at local optimum, the fireflies' population was set at fifty fireflies and the iterations at one thousand. In each iteration, the Firefly Algorithm will analyze fifty objective functions, saving the best objective in each iteration and comparing it with the above until it completes the number of iterations. In terms of computational time, convergence criteria by iteration number present a moderated cost, around five hours using an Intel Core I7-4700MQ processor. In order to improve the optimization technique, the authors developed other convergence criteria using a counter that counts the iteration number without changing the incumbent (best objective of present iteration) until getting to one hundred (the 10% of the iterations previously determined, that is, one thousand). Thus, the Firefly Algorithm may converge by either of the two convergence criteria. It is worth highlighting that the convergence criteria developed reduces the computational time, in the best case, up to a third of the time spent by the convergence criteria for number of iterations. 
Analyzing results
The results of the friction damper optimization for each structure subjected to two seismic records are present in this section. Thus, regarding the nine-story building, Table 4 and 5 show that in each objective function (displacement, interstory drift and acceleration) the optimal place for the friction dampers in two independent runs is the same, obtaining a reduction between 69% and 83% for both cases of the Caucete and El Centro earthquakes. In the case of Caucete earthquake, for the displacement and inter-story drift objective functions, the best positions are the three first stories, obtaining reduction over 70% and for acceleration at the top, the positions have changed, so the second and third damper took a different position; that is, the new positions are close to the middle and in the top of the structure, thus, ensuring better acceleration control. For the case of El Centro earthquake, for each objective function the positions are different, since El Centro has a peak ground acceleration greater than the Caucete earthquake and possibly excited the second and third vibration mode of the structure. On the other hand, the results show that the structure presents a good performance with three friction dampers when it is subjected to two different seismic records, as is possible to be seen in Figure 2 Table 4 Optimal force and placement of friction dampers for nine-story structure subjected to Caucete earthquake. Table 5 Optimal force and placement of friction dampers for nine-story structure subjected to El Centro earthquake.
On the other hand, concerning a sixteen-story building, Tables 6 and 7 show that for each objective function, the optimal place for the friction dampers did not change in two independent runs, obtaining a reduction between 54% and 69% for both the Caucete earthquake and El Centro earthquake. This optimal results show that the structure presents a good behavior with four friction dampers, as is possible to appreciate in the Table 6 Optimal force and placement of friction dampers for sixteen-story structure subjected to Caucete earthquake. Table 7 Optimal force and placement of friction dampers for sixteen-story structure subjected to El Centro earthquake.
Conclusions
Damper optimization using metaheuristic algorithms is a relatively new area, and today is one of the most explored fields of knowledge because there is the need to confront new challenges for designing safer, economically feasible structures in locations with high seismic activity. Thus, this paper proposed an optimization methodology for optimum use of friction dampers. It is noteworthy that the optimization of this sort of damper (friction damper) is a relatively unexplored subject in the world, which proves the innovative character of this paper.
Through the numerical simulations presented, it was concluded that in all cases studied the proposed methodology proved to be very effective in reducing the dynamic response, reaching reductions of over 70%, and in a worst case scenario, reached reductions in the order of 54%. It is noteworthy that these reductions have been achieved with a limited number of friction dampers due to the fact that these dampers have been optimized, i.e., they are positioned in places where they dissipate more energy and their capacities (frictional forces) are also optimal.
Finally, this study showed that it is possible to design friction dampers through an economical and effective way.
